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Abstract:

The large-area growth of hexagonal boron nitride (h-BN) with controllable thickness
(number of layers) and down to the 1-2 layers was demonstrated. In addition to the
standard characterization tools used for h-BN films, such as, scanning and transmission
electron microscopies (SEM and TEM), Raman spectroscopy and mapping and Xx-ray
photoelectron spectroscopy (XPS), other less common methodologies were used as well.
For example; low energy electron microscopy and diffraction was found to provide large-
area and accurate number of layers; Time of flight secondary ion mass spectroscopy
(TOF-SIMS) provided with a 3D mapping of elements and photoluminescence (PL)
measurements were detected even from a 1-2 layers on top of a thin graphite layer, and
thus, proving the presence of the h-BN phase on top of the graphene/graphite when being
very challenging to do so by means of other methodologies. These results allowed us to
study in better detail the growth mechanism and few manuscripts are in preparation. We
believe our work will lead to a better understanding of the h-BN growth process and thus

pave the way to a wide variety of applications.

The growth of ultra-thin h-BN films was, similar to the case of graphene, pioneered by surface

scientists in the 90's™?

in ultra-high vacuum systems and on single-crystal transition metals. Like
the graphene, it has also “resuscitated” and re-tested in LPCVD systems on polycrystalline metal
films® and foils,* ® which are more affordable and potentially suitable for large-scale production.
However, graphene growth studies have several advantages and significant advance has been
achieved in the last few years. Thanks to the huge amount of research on graphitic materials in
the last decades, a set of reliable and highly efficient characterization tools (Raman spectroscopy
being the most prominent)G' " were developed and applied successfully to characterize the
graphene films, number of layers, doping, strain, defects, isotopic labeling, etc. These tools
enabled the high throughput characterization of graphene growth needed for the discovery of
single-layer graphene growth on polycrystalline copper foils and the elucidation of the surface-
mediated- growth mechanism reported for the first time in our group.® ° The characterization of

ultra-thin h-BN films was proven to be more challenging and no fast and reliable method for the



large-scale characterization of such films was reported so far and might be one of the reasons for
the lack of understanding of their growth mechanism.

In this report we summarize our studies on the growth of ultra-thin h-BN films in low-pressure
chemical vapor systems with hot and cold-wall configurations. Different precursors were studied
as well, such as diborane-ammonia and ammonia-borane. The synthesized films were studied by
means of scanning and transmission electron microscopy (SEM and TEM), Raman mapping and
spectroscopy, optical microscope (OM), scanning tunneling microscope (STM), conducting
atomic force microscope (c-AFM), low-energy electron microscopy and diffraction (LEEM and
LEED), time of flight secondary ion mass spectroscopy (TOF-SIMS), x-ray photoelectron

spectroscopy (XPS) and photoluminescence (PL).

Synthesis
1. Diborane-ammonia (B,He-NH3- gases): Early results with these precursors were

published in 2012.° Briefly, LPCVD growth of h-BN in a hot-wall system under the flow of

diborane, ammonia and hydrogen, was optimized for the growth of h-BN films with controllable
number of layers, from <5 to > 100 on Ni foils (based on intensive TEM characterization). Further
studies were continued in a cold-wall system with base pressure in the range of ~10”° Torr (in
contrast to ~10 mTorr in the standard LPCVD). Based on knowledge achieved while growing
graphene,lO metal foil enclosures (pockets) were tested as well. These experiments leaded to the
formation of ultra-thin h-BN films (1-3 layers) with many triangular ad-layers (single-crystal).
Typical growth was carried out at ~1000 °C, on Ni. Figure 1 shows SEM and TEM images of a
typical few layer h-BN achieved by this method.

2. Ammonia-borane (H;NBHs-solid): This precursor was used in an LPCVD system with a

separated heating device to sublimate the ammonia-borane powder at ~110 °C while the samples
were heated in a tube furnace to ~1000 °C. Very interesting results were obtained in Ni
enclosures where single-crystal triangular h-BN domains of ~100 microns in size were observed,
Figure 2 shows SEM and TEM images of a 1-2 layer h-BN on Ni sample.

The characterization of the h-BN films was performed by a wide variety of methodologies,
including the common methods to characterize such films, i.e. OM, SEM, TEM, XPS and Raman.
Additional less common methodologies were used as well, such as LEED/LEEM, STM, c-AFM,
TOF-SIMS and PL measurements. The expanded list of characterization tools allowed for the
large-area (100s pm?) characterization of the number of layers (LEEM/LEED, not possible in h-
BN with Raman, Figure 3), the identification of a 1-2 h-BN layers on top of a thin graphite (PL, not
possible with Raman due to the overlap between the D band in graphite/graphene and the h-BN

signal and due to the cross-section Raman signal of h-BN comparing to that of graphite, Figure 5



and 6). The later results might be the only PL measurements on such ultra-thin h-BN (down to 1-2

layers over large areas proved by LEEM) done so far.

Figure 1: CVD in a cold-wall system with UHV base pressure: (a) SEM of a typical sample showing full coverage, wrinkles
and ad-layers. (b)-(c) High resolution TEM images showing the hexagonal lattice with triangular etching pits, (b), and the

film edge showing 4 layers, (c).

Figure 2: (a) — (b) Scanning electron microscope images showing submonolayer h-BN film on Ni, showing the triangular
single-crystal domains as big as ~100 um. Single-layer h-BN appears dark and the Ni (presumably Ni oxide) bright. (c) —
(d) Transmission electron microscope images of a typical 1-2 L h-BN fiims on a perforated silicon nitride membrane
together with the selective area electron diffraction hexagonal pattern in (e).
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Figure 3: LEEM and LEED characterization of h-BN on Ni. (a) LEEM image of a sample similar to that in Figure 1(a)-(b).
(b) Spectra taken at various points in (a). The ‘dips’ in the spectra arising from Ni-BN or BN-BN transitions are labeled. (c)
Mapping of the number of layers. This might be the only known methodology for the large-scale characterization of the
number of layers in ultra-thin h-BN films.
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Figure 4: (a) SPM characterization of ultra-thin h-BN films. (a)-(c) High resolution STM of monolayer h-BN on Ni showing
the hexagonal lattice. (d) topographic image of a few layer h-BN transferred to Si substrate (e) c-AFM of the same area in
(d) showing correlation between the topography (bright=thicker) and conduction in the vertical direction (dark=less
conduction), i.e. thicker areas and wrinkles show less conduction as expected. (f) and (g) show the cross section along
the blue line in (d) and (e) respectively.
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Figure 5: PL measurements: (a) PL signal as a function of the number of layers in the h-BN film at room temperature. (b)
PL measurement at 10 K on ultra-thin h-BN films with 2-4 layers (black) and 1-2 layers (red). (c¢) Comparison between PL
signal at 300 K and 10 K for a 2-4 layers film (in collaboration with Dr. Shaul Aloni — LBNL and Prof. Hongxing Jiang —
Texas Tech University)

Ongoing Projects:

1. Thermal characterization (in collaboration with Prof. Li Shi — UT Austin).
2. Mechanical characterization (Ruoff group).

Optical characterization (in collaboration with Dr. Shaul Aloni — LBNL and Prof. Hongxing
Jiang — Texas Tech University).

4. Chemical functionalization such as fluorination of ultra-thin h-BN films (Ruoff group).
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